Since 2000, atomic physicists have reduced the uncertainty of the helium-helium "ab initio" potential; for example, from approximately 0.6 % to 0.1 % at 4 bohr, and from 0.8 % to 0.1 % at 5.6 bohr. These results led us to: (1) construct a new interatomic potential φ 07 , (2) recalculate values of the second virial coefficient, the viscosity, and the thermal conductivity of 
Introduction
In 2000, Hurly and Moldover published a comprehensive report on the application of fundamental physics to the calculation of the thermophysical properties of low-density helium [1] . The present paper is an extension to and update of parts of that paper. We developed a new model potential for the interaction of helium atoms, φ 07 (r), based on the most recent theoretical values of φ(r). This potential was used to calculate several important properties of 4 He: The density virial coefficient B(T) and its first two temperature derivatives, the zero-density viscosity, and the zero-density thermal conductivity.
Our improved potential and calculations have significantly reduced the uncertainty of the thermophysical properties of helium. For example, at 300 K, the uncertainty of the second virial coefficient is now 1/7 of that reported in Ref. [1] and the uncertainty of the thermal conductivity is 1/3 of that reported in Ref. [1] .
The new potential includes the diagonal correction to the Born-Oppenheimer model (DBOC). In addition to the use of this correction, recent discussions of the adiabatic model [2, 3] recommend the use of atomic, rather than nuclear, masses in the calculations of atomic interactions. We have examined the sensitivity of the thermophysical properties to this replacement, as well as to the DBOC and to the uncertainties of the theoretical calculations of φ.
In the temperature range 3 K to 933 K, helium gas thermometry [4] played a leading role in the formation of the internationally accepted temperature scale, ITS-90. Subsequently, improved gas thermometry has measured T -T 90 , the differences between the thermodynamic temperature and ITS-90. Thus improved gas thermometry [5] may lead to a future, improved tem-perature scale. Each form of gas thermometry (constant volume, dielectric, acoustic) requires the extrapolation of measured gas properties to zero pressure, where gases become "ideal." In this work, we use fundamental principles to calculate the second density virial coefficient of helium B(T) and the second acoustic virial coefficient of helium β a (T) with smaller uncertainties than can be achieved by direct measurements. Our tabulated values for B(T) and β a (T) can be used to constrain the extrapolations to zero pressure; thereby leading to more accurate values of the thermodynamic temperature. Acoustic gas thermometry also requires accurate values of the thermal conductivity, which we have tabulated for helium. Recently, May et al. [6] have shown how to combine ab initio values of the viscosity of helium with comparatively simple viscosity-ratio measurements to obtain values of the thermal conductivity of argon that are more accurate than can be achieved by direct measurements. Thus, our tabulation of the viscosity of helium will also facilitate more accurate argon-based acoustic thermometry. Finally, we mention programs to redetermine the Boltzmann constant [7] and to develop an atomic standard of pressure [8] based on accurate measurements of the dielectric constant of helium at the temperature of the triple point of water (T TPW = 273.16 K). Both of these programs will benefit from the reduced uncertainties of B(T).
In the following sections, we first describe the potential and the way it was developed. We summarize the quantum-statistical formulas used for calculating the thermophysical properties of interest, then describe the numerical procedures used for the calculations. We conclude with some comparisons of our theoretical thermophysical properties with recent experimental results.
Standard notation conventions are followed in this paper. All quantum-mechanical formalism is expressed in atomic units except when noted otherwise. Interaction potentials are expressed in hartrees in the formalism, but converted to temperature units (K) for comparison with relevant literature. The CODATA-2002 values of the fundamental constants [9] were used in all calculations.
Model Potential φ φ 07
The potential model is expressed as the sum of a repulsive term and an attractive term
In these equations the cut-off radius r 0 = 0.3 bohr is chosen to exclude the unphysical behavior of the potential model at small r; A = 1 hartree (E h ) defines the units; the a n and δ are fit parameters; the C 2n are fixed parameters; and the functions f 2n account for relativistic retardation. The attractive part of the potential is the sum of multipole attractive terms multiplied by the universal damping functions of Tang and Toennies [10] .
The dipole-dipole and higher multipole parameters C n for n ≤ 10 (Table 1) are fixed at the values calculated by Zhang et al. [11] . The coefficients C n for helium with the mass of 4 He were used in all calculations except those which investigated corrections to the Born-Oppenheimer model. The coefficients C 2n for n > 5 were estimated using the three-term recursion formula of Thakkar [12] .
Zhang et al. [11] include an extensive tabulation of previous calculations for comparison. The fractional differences between the fixed-nucleon parameters of Zhang et al. and those of Bishop and Pipin [13] 
2.6 × 10 -8 for C 6 , 1.7 × 10 -7 for C 8 , and -9.5 × 10 -7 for C 10 . If these fractional differences are taken as estimates of uncertainties, the total uncertainty in the potential is less than 3 × 10 -8 K, and the total fractional uncertainty is less than 5 × 10 -8 , for r > 10 bohr. A further, and more significant, source of uncertainty is the extrapolation formula used to estimate C 2n for n > 5 from the lower-n values of C 2n . Thakkar [12] recommends the use of either his Eqs. (29) or (33) , with the latter more appropriate for helium (based on the value of C 6 C 10 /C 8 2 ) . With the alternative formula, the estimated values of C 12 , C 14 , and C 16 are 1.3 %, 5.2 %, and 13 % larger. If these differences are used as estimates of the uncertainties of the corresponding potential contributions, the total uncertainty in the potential is less than 4 × 10 -5 K, and the total fractional uncertainty is less than 6 × 10 -5 , for r > 10 bohr. In principle, the use of the Tang-Toennies damping terms [10] is an additional source of uncertainty. However, these functions differ from unity only for r1 0 bohr and below, where the quality of the fit potential can be judged directly by comparison with theoretical potentials. (See Fig. 2 .)
The retardation functions f 6 , f 8 , and f 10 have been calculated by Chen and Chung [14] . Their results for f 6 are in excellent agreement with the calculations of Jamieson et al. [15] , whose results differ from those of Chen and Chung by a maximum fraction 1.5 × 10 -5 . The retardation functions satisfy f 2n (0) = 1; f 6 decreases to ½ for r ≈ 500 and approaches 328.47/r for large r; f 8 decreases to ½ for r ≈ 660 and approaches 420.62/r for large r; and f 10 decreases to ½ for r ≈ 810 and approaches 508.43/r for large r. The functions f 2n have the effect, for example, of converting the dipole-dipole interaction from a 1/r 6 dependence to a 1/r 7 dependence. Retardation has, at most, a marginal effect on all terms except the dipole-dipole term. At r = 660 bohr, the ratio C 8 f 8 /r 8 to φ 07 is less than 3 × 10
; similarly, at r = 810 bohr, the ratio of C 10 f 10 /r 10 to φ 07 is less than 4 × 10 -10 . Accordingly, the factors f 12 , f 14 , and f 16 , were safely approximated as unity. The code for computing the potential uses cubic spline interpolation of the results of Chen and Chung [14] for f 6 , f 8 , and f 10 .
The parameters δ and a j , -2 ≤ j ≤ 2 were determined by fitting the potential model (1)-(3) to selected theoretical values weighted to account for their estimated uncertainties. The retardation functions f 2n were set to unity in these fits. Several fits were made. The first was to the selected data set described below, and will be referred to as φ 07 . The second and third fits accounted for the uncertainties of the theoretical values, also described below. The corresponding potentials are designated φ 07± . An additional fit was made to the potential values without applying the diagonal BornOppenheimer correction [16] . The corresponding potential is φ nboc . The values of δ and the a j determined by these fits are listed in Table 2 . Table 3 lists values of the potential φ and their uncertainties based on our review of the recent literature [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . The values selected for determination of φ 07 (r) represent a compromise based on availability of calculations at each r, the uncertainty claimed by the authors, and the internal agreement of various calculations for nearby r. The theoretical values were obtained within the Born-Oppenheimer model for fixed nuclear separations. Uncertainties were assigned to each of the selected values. When only a single datum was available, the authors' uncertainty estimate was used, provided that it was consistent with neighboring values; otherwise the uncertainty was adjusted upward. When several values were available at an r-value, generally the unweighted mean and standard deviation of the more recent calculations was used. The upper-bound potentials of Komasa [19] were used only at small r, where they are in excellent agreement with the quantum-Monte-Carlo calculations of Ceperley and Partridge [17] , which have much larger uncertainties.
Theoretical Values of φ φ
The diagonal Born-Oppenheimer correction calculations of Komasa, Cencek and Rychlewski [16] were interpolated using a cubic spline and added to the fixednucleon potentials.
Relativistic [27] (+15.4 mK) and radiative [28] (-1.3 mK) corrections to the potential have recently been evaluated only at r = 5.6 bohr. Without additional results at other r we decided, for consistency, to omit these corrections from the determination of φ 07 . The sum of these corrections is small compared with the scatter of the r = 5.6 bohr potentials in Fig. 3 , but of the same order as the assigned uncertainty. The model potential defined by Eqs. (1)- (3) was fit to the sum of two quantities, the selected potentials and the corresponding DBOC. The input potentials were weighted by the inverse squares of the uncertainties U(φ) in the fit. The coefficients determined in the fit are listed in Table 2 . The variance of the fit residuals in the determination of φ 07 was 0.6.
The upper part of Fig. 1 shows the potential φ 07 and the selected data used in its determination. The lower part of Fig. 1 and Fig. 3 show fractional differences between many recent theoretical potentials and φ 07 . Figure 2 shows the normalized residuals (φ -φ 07 )/U(φ).
To assess the uncertainty of φ 07 and the propagation of this uncertainty into computed thermophysical properties, the potentials φ 07+ and φ 07-were developed. The potential was refitted to theoretical potentials shifted by their uncertainties, that is, to φ + ∆φ DBOC ± U(φ). Similarly, the effects of the diagonal BornOppenheimer correction were assessed by determining the potential φ nboc through fits to the theoretical φ values without adding the correction.
The uncertainty of φ 07 is difficult to quantify. Figure  2 shows that all but one of the theoretical potentials used in fitting φ 07 differs from φ 07 by less than the corresponding uncertainty, consistent with the fit variance of 0.6. Figure 3 shows that all of the theoretical values at r = 4 bohr and r = 5.6 bohr that were used in the fit either fall in the range between φ 07-and φ 07+ or have uncertainties overlapping this range. These observations suggest that the uncertainty in φ 07 should be interpreted as having a large coverage factor [29] k u ≈ 2. Table 4 summarizes the properties of the potentials used in this work, and the bound state energies (for angular momentum index = 0) determined from the potential.
Atomic Interactions
The thermophysical properties of helium can be evaluated using the formalism of quantum statistical mechanics. In particular, the virial coefficient of the equation of state, the viscosity, and the thermal conductivity can be expressed in terms of the phase shifts Table 3 . Theoretical potential values used to determine φ 07 . The model potential φ 07 was fit to the sum of the theoretical potential φ and the diagonal Born-Oppenheimer correction ∆φ DBOC with weighting equal to the inverse square of the uncertainty U(φ). When a single source is listed, the uncertainty is generally that stated in the source. When multiple sources are cited, the unweighted mean and standard deviation of the set is used. In some cases, indicated by an asterisk, the uncertainty was adjusted upward to account for disagreement with neighboring values. (5φ/K), which is approximately logarithmic for large φ and linear for small |φ|.) Bottom: Fractional differences between theoretical values of φ and the model potential φ 07 , with error bars as assigned by the authors (when available). The data sources are [17] , * [18] , × [19] , + [20] , [23] , [24] , [25] , [26] . The potentials φ 07± and φ 00 [1] are shown as solid lines. Table 3 ). [20] , [21] , [22] , [23] , [25] , [26] . The dotted lines represent φ 07± . These bounds encompass the eight values of φ(r) published since 1999 [19] [20] [21] [22] [23] 25, 26] associated with the interaction of a pair of helium atoms. The theory and equations used in determining the thermophysical properties are summarized in Sec. 3.1. The following section 3.2 describes the computational techniques used to determine the thermophysical properties.
Formalism
The interaction of two atoms with a spherically symmetric potential φ(r) is described by a quantum mechanical wave function Ψ (r)Y m /r, where r is the separation distance and Y m is a spherical harmonic. The radial function satisfies (4) where µ is the reduced mass of the He-He system, m e is the electron mass, lengths are expressed in units of the Bohr radius a 0 , and energies are expressed in units of hartree (E h ).
The solutions to Eq. (4) fall into three ranges. For small r, where the potential is much larger than the angular-momentum term, the solutions must be determined numerically. In the second region of intermediate r, the potential is negligible but the angular momentum term is significant, so Eq. (4) takes the form (5) where (6) that is, κ is just the wave number k = κ/a 0 in atomic units. The general solution of Eq. (5) is (7) where j (ξ) and y (ξ) are spherical Bessel and Neumann functions. For large κ r the asymptotic form of χ . is (8) which can be recognized as the solution to Eq. (4) in the third region, where both the potential and the angular momentum term are negligible. The thermophysical properties of interest depend on the phase shifts δ (E). The virial coefficient of 4 He depends on the sum (9) The convergence of this sum is discussed in the next section. The viscosity and thermal conductivity depend on the quantum cross-sections [30] which are expressed in terms of much more rapidly converging sums.
Numerical Techniques
Numerical solutions of the radial equation (4) were determined with Numerov's method using an integration step size (10) This step size was determined empirically to insure that phase shifts obtained with step sizes h 0 /2 or h 0 /4 did not differ from those determined with step size h 0 within the error criterion |∆δ | < 10 -9
. Calculations were made for a series of discrete energies in the range 10 -11 ≤ E/E h ≤ 1. The discrete energies were distributed uniformly on a logarithmic scale.
For each discrete energy, Eq. (4) was integrated upward in r, for = 0, 2, . . . 1 . A series of nodes of Ψ (r) were found at coordinates r n , n = 1, 2, . . . . The phase shifts at node n, δ , n , defined by .
were determined successively. The asymptotic phase shift as r n → ∞ was obtained when the phase shifts evaluated at a series of nodes agree to within the preset convergence criterion. Convergence was accelerated by using the semi-classical (JWKB) approximation [31, 32] . The convergence criterion was that the standard deviation of three successive values of δ , n was less than 10 -9
. The maximum angular momentum index 1 was the minimum of either 1000 or the index when |δ | became less than 10 -9 . Equation (11) only determines the phase shift within an additive multiple of π. Two conditions were used to get the total phase shifts needed in the sum (9) . (1) The limiting values were lim E→0 δ 0 (E) = π and lim E→0 δ (E) = 0 for > 0; and (2) δ (E) is a continuous function of E [33] . Figure 4 shows the dependence of the phase shifts on and E. It is clear that for small E, the sum (9) is dominated by the = 0 term. For larger E many terms contribute to the sum. The Born approximation (12) (see, e.g. Eq. (38.14) of Ref. [34] ) for the phase shift is useful in considering the rate of convergence. For small κ r the spherical Bessel function can be approximated by the leading term in the Taylor series, (κ r) /(2 + 1)!!. The contribution to the integral in Eq. (12) 
These can be used to get upper and lower limits for the contributions of the C 6 f 6 /r 6 term to the truncation error of the sum (9). The following test was made to check the summation error. For E ≥ 0.001 hartree, Eq. (12) was used to obtain phase shifts for 1 = 1000 < ≤ 2 = 3000, and the corresponding contributions to the sum (9) were evaluated numerically. Equations (16) and (17) were then used with 1 → 2 to estimate the truncation error of these numerical sums. The results so obtained were then compared directly with upper and lower limits based on Eqs. (16) and (17) . The numerical sums were found to lie very close to the product of C 6 and the right-hand side of Eq. (16). The reason is that asymptotic phase shifts for = 1000 are obtained when r is some multiple of 2π/κ beyond the first zero of the spherical Bessel function j 1000 (κ r), which occurs near r = 1000.5/κ ≈ 11.7/√ -E. For E > 0.001 hartree this is reached before retardation is significant. For smaller E, the nodes r n where Eq. (11) is evaluated occur at larger radii where retardation may be important, but the phase shifts decline sufficiently rapidly with increasing that convergence is obtained for 1000.
Virial Coefficients
The second virial coefficient of 4 He is [33] 
where
and (23) In these equations,
is the thermal de Broglie wavelength, and -T b is the bound state energy in K ( Table 4 ). The temperature derivatives of B(T) can be evaluated directly from Eqs. (18)- (24) . Numerical evaluation of the derivatives requires the integrals I 2 and I 4 in addition to I 0 . The thermal contributions B th (T) require numerical integration over κ. The integrals could formally be written with E as the integration variable. However, the dependence of the sum terms in the integrand for small κ was found to be approximately linear in κ ∝ √ -E, so a better spline approximation was obtained by using κ as the independent variable.
Formally, the upper limit of integration is infinite. In practice, the phase shifts become increasingly difficult to calculate at higher energies. Calculations were made only up to E = 1 hartree. The argument of the exponential factor in the integrand, -ακ 2 /T, has a maximum value at E = 1 hartree equal to -3.16 × 10 5 K/T, so the integrand is vanishingly small at κ max , even at T = 10000 K (exp(-31.6) ≈ 1.9 × 10 -14
). The upper limit of integration can thus be safely set at κ max .
Numerical integrations were required for the integrals I 0 , I 2 , and I 4 . For each case, the sum S(κ) was approximated by cubic splines. The number of knots per decade of energy E was 40 for all except E > 0.1, where 80 knots were required in order to resolve the rapid dependence of the phase shifts. The integrals were calculated as the sum of a series of integrals with κ-limits 0-0.01, 0.01-0.1, 0.1-1, 1-10, and 10-κ max . This procedure insures sufficient sampling of the integrands, whose peak values depend strongly on T.
Figures 5-7 and Table 5 show the virials and the first two temperature derivatives as calculated in this work. Note that the effects of φ 07± on the results is approximately symmetrical. Half of the difference of each calculated property, as computed with φ 07+ and φ 07-, was chosen as a conservative (k u ≈ 2) estimate of the uncertainty U(x) of property x. These uncertainty estimates are well-represented by functions of the form He, calculated under various assumptions. The plots of ±B(T) = ±B 07 (T) were calculated with φ 07 and atomic masses. The plotted differences are ∆ x = B x -B 07 , where x designates the way the virials were calculated; x = 00, 07±, and nboc indicates the use of atomic masses and the potentials φ 00 , φ 07± , and φ nboc ; x = nm indicates calculations with φ 07 and nuclear, rather than atomic masses. Table 5 . Thermophysical properties of 4 He calculated in this work. Calculated quantities are printed with at least one excess figure as an aid in smooth interpolation; for the uncertainties of B and its derivatives use Eqs. (25) and Table 6 ; for the uncertainties of η and λ use Eq. (37) . with coefficients listed in Table 6. The table also includes an uncertainty calculation for the acoustic virial (26) where γ 0 = 5/3 for helium. Equation (25) represents the uncertainties of B, TB′, and T 2 B″ within 2 %, 3 %, and 2 % (rms), respectively, and with a maximum error less than 10 %. The uncertainty of β a is represented within 2 % (rms) with a maximum error of 5 %. As noted previously, the uncertainty of φ 07 has a large coverage factor k u ≈ 2; a similar coverage factor applies to the uncertainties expressed in Eq. (25) and Table 6 . Figures 5-7 show that that the effects of neglecting the diagonal Born-Oppenheimer correction are no larger than the uncertainties so assigned, and that the effect of using nuclear rather than atomic masses is less than the uncertainties except at the highest temperatures. The differences between values of B(T) calculated with φ 07 and φ 00 [1] differ by less than the combined uncertainties (Eq. (25), Table 6 of Ref. [1] ).
As noted above, the integrals required for B th and its temperature derivatives were done numerically. The automatic integration routine was controlled by specifying an error criterion, which was set sufficiently low that errors in B and its derivatives due to the numerical integrations were negligible. This process only insures that the spline-approximated integrand is integrated accurately. It is of more interest to insure that the approximation of the sum term by a spline does not introduce a significant error into the calculation. To estimate this, the number of knots was reduced by eliminating alternate knots, and recalculating B(T) and its derivatives with the cruder spline approximation. The absolute fractional differences of the two evaluations of B(T) was less than 3 × 10 -7 except near the zero of B(T). The maximum absolute fractional differences of the two evaluations of TB′(T) was 4 × 10 -7 , and the maximum absolute fractional differences of the two evaluations of T . We recommend the use of cubic spline interpolation for estimation of B(T) between temperatures listed in Table 5 . Our tests of such interpolations indicate that the fractional interpolation error is generally much less than 10 -4 except at the temperature extremes. (Interpolation near the extremes can be improved by using the tabulated higher derivatives to set the end conditions.) 
Viscosity and Thermal Conductivity
The kinetic coefficients depend on the quantum cross-sections [30] defined by (27) and Equations (27)- (29) converge rapidly; numerical evaluation was straightforward. The collision integrals needed for computation of kinetic coefficients are expressed in terms of normalized cross sections, defined for even n > 0 by (30) where r m (actually an arbitrary length) is the radial position of the potential minimum. The collision integrals are defined as (31) where β ≡ E h /(k B T). Collision integrals with n = 2, s = 2, 4, . . . 10; n = 4; s = 4, 6, 8; and n = 6, s = 6 are needed for the fifth-order calculation of viscosity and thermal conductivity [35] . The collision integrals were calculated by using cubic spline representations of the collision integrals, and dividing the integrals in Eq. The viscosity is [35, 36] 
where f η (n) is obtained by solving a set of linear equations (33) for 11 . The components of the symmetric matrix B are listed in Appendix A of Ref. [35] . In particular, since b 11 = 4Ω (2,2)* , the viscosity can be expressed as (34) Similarly, the thermal conductivity can be determined from the solution of
where the components of A are defined in Appendix B of Ref. [35] , and ζ ζ is a column vector with components ζ j . The thermal conductivity depends only on ζ 1 : (2 7) ( 1)( 2)( 3)( 4) sin ( ) , (28) To insure that the complicated formulas for the components of B (and the corresponding matrix for the thermal conductivity) were transcribed accurately, the following procedure was followed. The formulas were extracted from an electronic copy of Ref. [35] . These were further edited to conform with Fortran notation. Subsequently, Viehland provided Fortran codes that generated the Fortran code for calculating the matrices directly [37] . Numerical evaluations using the two implementations were identical within machine precision.
Errors in the numerical integrations required for calculating η and λ were estimated by eliminating alternate knots in the spline representations of the collision integrals and repeating the calculations. The two values of η(T), and the two values of λ(T) so determined had an absolute fractional difference of less than 3 × 10 -6 at T = 1 K. This difference declined with T and remained below 1.2 × 10 -7 for T > 20 K. The viscosities and thermal conductivities determined in this work are listed in Table 5 . Figure 8 and a nearly identical figure for ∆λ /λ show the sensitivity of the calculations to the choice of potential and the choice of nuclear instead of atomic masses. The effects of using potential φ 07± is nearly symmetric. Half of the differences between values of η or λ calculated with these two potentials approaches 0.35 % at low temperature. The differences reverse sign near 42 K. Above this temperature, the half-difference is bound by 0.02 %. A reasonable estimate of the the relative uncertainty U r in either η or λ is the minimum of 0.35 % and the equation
Values of the viscosity and thermal conductivity at temperatures between those listed in Table 5 can be obtained by interpolating with cubic splines. Our tests indicate that cubic spline interpolation introduces a fractional error of less than 10 -5 except near the temperature extremes.
Validation of Computations
The Fortran code used for calculating the phase shifts and for subsequent calculation of the thermophysical properties was tested by an independent development of new codes by one of us (Mehl) to test the results of Hurly and Moldover [1] . The test demonstrated excellent agreement of the sum (9) and the quantum cross-sections (27) - (29) .
The test revealed two errors in the calculation of the thermophysical properties reported in Ref. [1] . The first was an incorrect sign assigned to the bound-state contribution to the published virials, which mainly affected the low temperature results for 4 He and for 3 He- 4 He mixtures. The second was due to inconsistent units conversion. The code used by Hurly to calculate the thermal conductivity was based on the equivalent of Eq. (36) in Hirschfelder et al. [36] . Their Eq. (8.2-31) uses a calorie unit in a numerical prefactor. Conversion of this to J using a current definition of the calorie introduced a factor of 1.000545 error in the thermal conductivity results published in Ref. [1] . The published values are high by this factor.
Comparisons With Recent Experiments
Hurly and Moldover [1] compared their results with a wide range of experimental results. Here we limit our comparisons to a few accurate experiments published since 2000. Figure 9 compares the recent second virial measurements of McLinden and Lösch-Will [38] . The agreement is excellent. Figure 10 compares the recent measurements of the acoustic virial by Pitre, Moldover and Tew [5] . The measurements fall well within the combined (k u = 2) uncertainty of the predicted slope β a and the experimental uncertainty except at high temperatures, where the disagreement is on the order of the scatter in the measurements.
Berg's high quality measurement of the viscosity [39, 40] at 298.15 K (expressed with a k u = 2 uncertainty), (19.842 ± 0.014) µPa·s, and the calculated value (19.824 ± 0.004) µPa·s differ by the sum of their k u = 2 uncertainties.
Concluding Remarks
As shown in Fig. 3 , multiple research groups have provided us with very accurate ab initio "data" at 4.0 and 5.6 bohr. In order to fully exploit these data, it would be desirable to have theoretical potentials of similar accuracy at nearby r. The most demanding gas metrology is conducted near 273 K; thus, it would be very desirable to generate ab initio values of the potential at, for example r = 3.89 and 4.13 bohr (corresponding to φ = 200 K and 450 K) with uncertainties comparable to those already achieved at 4.0 and 5.6 bohr. [5] compared with values calculated with φ 07 ; ∆β a = β a,expt -β a,calc . The dashed lines are plots of β a,07± -β a,07 , and indicate the uncertainty of the theoretical calculation. The error bars indicate the experimental (k u = 1) uncertainties. Other lines show ∆β a corresponding to φ nm , and φ nboc . The acoustic virial is clearly sensitive to the differences between the various potentials.
